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The favored fragmentation pathway for protonated and alkylated pyridinium cations of the
general formula p-XC6H4CH2CH2CH¢CH Py
R (R¢H, Me; Py¢pyridine) is a C™C homolytic
cleavage. The tendency to form radicals is higher for alkylated pyridinium cations than for the
protonated ones that can also afford closed-shell products. Theoretical calculations show that
the singlet-triplet gap for transient structures with an elongated benzylic C™C bond is very low
and the formation of radicals may result from mixing of these states. In addition to the notable
substituent effect on the fragmentation efficiency of the cations under study, calculated results
show a clear substituent effect on the singlet-triplet transitions. We also observe that
triphenylphosphonium cations behave notably different. Thus, the pyridinium system that
contains a p-chloro benzyl moiety loses a benzyl radical readily while the analogous
triphenylphosphonium cation is very stable under the same conditions. (J Am Soc Mass
Spectrom 2003, 14, 790–801) © 2003 American Society for Mass Spectrometry
Organic closed shell ions typically dissociate intoclosed shell ionic and neutral products. Never-theless, there are exceptions to this rule that
may result from lack of selectivity under extremely
energetic conditions, unusual stability of some cation
radicals or specific kinetic effects. It is reasonable that
highly energetic conditions promote simple bond cleav-
age, either heterolytic or homolytic. Some radicals,
however are generated under mild conditions and their
formation can only be attributed to their relative stabil-
ity.
Different classes of organic closed-shell ions undergo
C™C and C™N cleavages that are not necessarily charge
driven [1–5]. Furthermore, it has been suggested that
these reactions occur through a concerted mechanism
or are mediated by the formation of radicals [6–9]. The
development of electrospray ionization allowed the
formation of various classes of closed shell ions under
very mild conditions and hence it has been unambigu-
ously shown that at least in some cases homolytic C™C
and C™H cleavages are involved in the gas phase
decomposition of cationized organic compounds [10,
11].
One class of organic cations that are known to
undergo homolytic cleavages is quaternary ammonium
and pyridium cations [8, 12–17]. Fisher and Veith stud-
ied the gas phase fragmentation of ammonium and
pyridinium ions, generated with field desorption and
reported the formation of nitrogen based radical cations
under collision induced dissociation (CID) [12, 13].
Harrison showed that the formation of radicals and
cations from quaternary ammonium ions is dominated
by the relative ionization potential of the appropriate
radicals and neutrals, showing that the reaction prod-
ucts are the ones thermodynamically favored [14, 15].
Katritzky and coworkers studied homolytic cleavages
in pyridium cations that were designed in order to
show the substituent effect on the relative stability of
radicals. They propose the term “merostabilization” to
describe stabilization that results from the presence of
both an electron-attracting and an electron-donating
substituent at the radical site. Thus, the formation of
some pyridinium radical cations is rationalized using
these arguments [16].
Formation of radicals may occur with the involve-
ment of an electronically excited state. Hau et al.
describes the formation of radicals from closed shell
pyridinium cations with the involvement of a cation
diradical [17]. Although not specified by the authors,
such an intermediate may correspond to a triplet state.
Vedernikova and coworkers propose that the different
spin distribution in the excited state of lithium and
sodium cationized esters is responsible for their differ-
ent chemical behavior and support this proposal with
high level ab initio calculations [18]. Voinov et al.
corroborated the involvement of excited states in the
high energy decomposition of free fatty acids by reso-
nant electron capture experiments [9].
The singlet-triplet potential energy surface of several
energetic intermediates was studied both experimen-
tally and theoretically in order to determine the signif-
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icance of the triplet state in the description of these
structures [19–23, 24–27]. Thus it was found that in the
case of phenyl cation the singlet-triplet splitting is
relatively small and with a right choice of substituents
at the phenyl ring can even be reversed [19]. The
geometry for the cross-point between singlet and triplet
has been calculated as well as spin orbit coupling for
this transient structure [20]. Other reactive intermedi-
ates that were extensively studied by Squires and
coworkers are o-, m-, and p- isomeric benzyne anions
[21–23]. The structure of all three benzyne ions was
determined and their electron affinity was measured.
Furthermore, the authors calculated the singlet and
triplet energies of o-, m- and p-benzyne and could show
a singlet ground state for all three isomers. In this study
it was found that density functional theory (DFT) is
particularly well-suited for computational studies of
these distonic radical anions [21].
We report here a study concerning the formation of
pyridinium based radical cations from the correspond-
ing closed-shell cations, both experimentally, upon CID
and infrared multi-photon dissociation (IRMPD), and
theoretically, applying DFT calculations.
Experimental
Mass Spectrometry
All ESI/FTICR experiments were carried out using
Bruker BioAPEX III 47e FTICR spectrometer (Bruker
Analytical Systems, Inc., Billerica, MA) equipped with a
4.7 T superconducting magnet, an external source
(Apollo ESI Source), and an infinity analyzer cell. The
samples were dissolved in 1:1 volume ratio of CH3OH/
CH3CN/0.01 mg/ml and introduced into the ESI
source at a flow rate of 0.3 l min1. Ions were detected
using the broadband detection mode covering a mass
range from 50 to 5000 Da. Typically, eight individual
transients were accumulated to improve the signal-to-
noise ratio. Precursor ions were isolated using swept
frequency ejection pulses of ca. 250 s duration to eject
all other ions. A pulsed valve introduced the argon
collision gas prior to ion activation. With the pulsed
valve open for 10 ms a peak pressure of 8 exp-7 mbar
was obtained. The precursor ions were excited using a
variable amplitude resonance excitation pulse. Isolated
ions were also activated using IRMPD, utilizing a 25 W
continuous CO2 laser with output at 10.57–10.63 mi-
crons. The laser power was adjusted to 30–50% of
maximal power with a duration irradiation period of
0.5–3 s.
Fast atom bombardment experiments in combination
with collision-induced dissociation measurements were
carried out on a Finnigan TSQ-70B triple-stage quadru-
pole mass spectrometer. The scan rate was 1 scan s1.
CID measurements were performed with argon as the
target gas (0.3 mTorr, indicated) at 10 eV collision
energy (indicated). All the data presented in each figure
were obtained on the same day under identical condi-
tions, in order to ensure reliable comparisons.
Synthetic Preparation
General procedures: 1H NMR spectra were recorded at
200 MHz. All spectra were taken at ambient tempera-
ture, with the residual protons from the solvent as an
internal reference and the chemical shifts are reported
relative to TMS. Reagents and starting materials were
used as supplied. The solvents were distilled and dried
before use, if necessary, using standard methods. Merck
silica gel 60 (230–400 mesh) was used for column
chromatography. High resolution mass spectra were
recorded for final products on a Bruker BioAPEX III 47e
FTICR spectrometer.
1-(4-Methylphenyl)-4-(4-pyridyl)-butene-3 (free base
of 3): 4-methylcinnamic acid (3i, Scheme 1) was pre-
pared from p-tolualdehyde and malonic acid according
to a literature procedure [28].
3-(4-Methylphenyl)-propane-1-ol (3ii): A solution of
4-methylcinnamic acid (6.6 g, 40.7 mmol) in 50 ml THF
was added dropwise to a suspension of LiAlH4 (2.61 g,
68. 7 mmol) in 50 ml of THF at room temperature. After
0.5 h stirring the reaction mixture was quenched with 5
ml of water, dried over sodium sulfate and filtered.
After solvent evaporation the residue was dissolved in
CH2Cl2 and passed through a short silica column af-
fording 5.5 g of the alcohol in 90% yield. 1H NMR
Scheme 1. General procedure for the preparation of the free bases of protonated pyridinium ions 1–5
and Wittig salts that correspond to the phosphonium cations 13–17.
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(CDCl3)   7.10 (s, 4H), 3.66 (t, J  6.4 Hz, 2H), 2.67 (t,
J  7.4, 2H), 2.32 (s, 3H), 1.87 (quint, 2H).
3-(4-Methylphenyl)-propyl-1-bromide (3iii): To a so-
lution of (7.4 g, 28 mmol) of triphenylphosphine in 30
ml of CH2Cl2 under argon at 0 °C was added (4.48 g, 28
mmol, 1.6 ml) of bromine. After removal of the ice bath,
(3.0 g, 20 mmol) of alcohol 3ii were added during 20
min and the mixture was stirred at room temperature
for 1 h. The solvent was removed under reduced
pressure and the residue was stirred with 50 ml of ether,
filtered through a thin pad of Celite, washed with
saturated NaHCO3 and brine and dried over sodium
sulfate. The solvent was removed under reduced pres-
sure to afford 3iii (3.9g, 82%). 1H NMR (CDCl3) : 7.10
(s, 4H), 3.40 (t, J  6.6 Hz, 2H), 2.74 (t, J  7.3 Hz, 2H),
2.33 (s, 3H), 2.15 (dt, J  6.9 Hz, J  7.2 Hz, 2H).
3-(4-Methylphenyl)-propyl-1-triphenylphosphonium-
bromide (iv): Triphenylphosphine (5.19 g, 19.8 mmol) in
20 ml of toluene was added to a solution of bromide
(3iii) (3.83 g, 18 mmol) in 50 ml of toluene and the
reaction mixture was refluxed for 48 h. The resulting
white precipitate was crystallized from CH2Cl2—ethyl
acetate, giving rise to 5.5 g (65 %) white solid (mp
149–150 °C). 1H NMR (CDCl3) : 7.65 (m, 15H), 7.04 (s,
4H), 3.79 (td, J  8.2 Hz, J  3.0 Hz, 2H), 2.93 (t, J  7.2
Hz, 2H), 2.26 (s, 3H), 1.91 (quint, 2H).
4-[4-(4-Methylphenyl)-but-1-enyl]-pyridine (free
base of 3): To a suspension of 3-(4-methylphenyl)-
propyl-1-triphenylphosphoniumbromide iv (1.7 g, 3.58
mmol) in 10 ml of THF at 0 °C was added n-BuLi 1.6 M
in hexane (2.3 ml, 3.68 mmol); the resulting reddish-
orange solution was stirred at 0 °C for 20 min, cooled to
78 °C and pyridinecarboxaldehyde (3.36 mmol, 0.36 g,
0.32 ml) in 5 ml of THF was added dropwise. The
reaction mixture was allowed to warm up to 0 °C and
stirred for 2 h. Then 3 ml of HCl 2N were added, the
solvents were evaporated under reduced pressure and
10 ml of 20% Na2CO3 were added. After extraction with
CH2Cl2 (20 ml) the organic layer was washed twice with
brine, dried over sodium sulfate and the solvent was
evaporated. The residue was purified by chromatogra-
phy (silica gel, hexane-ethyl acetate, 0–25% of ethyl
acetate) to afford the free base of 3 mp (trans-isomer)
61–63 °C. 1H NMR (CDCl3) : trans-isomer–8.47 (d, J 
5.9 Hz, 2H), 7.16 (d, J  6.1 Hz), 7.09 (s, 4H), 6.49 (dt, J
 6.2 Hz, J  15.8 Hz, 1H), 6.31 (d, J  16 Hz, 1H), 2.75
( t, J  7.6 Hz, 2H), 2.54 (quint, J  7.3 Hz, 2H), 2.30 (s,
3H). MS HR: MH m/z: 224.1433 (calcd for C16H18N
224.1434).
Pyridine free bases that correspond to protonated 2,
4, and 5 were prepared in an analogous manner de-
scribed for 3, starting from the substituted benzalde-
hydes and malonic acid.
4-[4-(4-Chloro-phenyl)-but-1-enyl]-pyridine (free
base of 4): 1H NMR (CDCl3) : trans-isomer– 8.47 (d, J
5.8 Hz, 2H), 7.24 (d, J  8.3 Hz, 2H), 7.15 (two doublets,
4H), 6.43 (dt, J  6.5 Hz, J  9.4 Hz), 6.28 (d, J  16 Hz,
1H), 2.75 (t, J  7.4 Hz, 2H), 2.52 (quint, 2H). MS HR:
MH: m/z 244.0886 (Calcd for C15H15NCl 244.0887), mp
79-80 °C.
4-[4-(4-Trifluoromethylphenyl)-but-1-enyl]-pyridine
(free base of 5): 1H NMR (CDCl3) : trans-isomer: 8.49
(d, J  5.4 Hz, 2H), 7.53 (d, J  8.0 Hz, 2H), 7.25 d, J 
6.6 Hz, 2H), 7.15 (d, J 5.6 Hz, 2H), 6.31 (d, J 16.0 Hz,
1H), 2.88 (t, J  7.3 Hz, 2H), 2.56 (quint, 2H); MS HR:
MH m/z 278.1149 (calcd for C16H15NF3 278.1151), mp
78–79 °C.
4-[4-(4-Methoxyphenyl)-but-1-enyl]-pyridine (free
base of 1) was synthesized as follows. 3-(4-Methoxyphe-
nyl)-propanol was prepared from 3-(4-methoxyphe-
nyl)-propionic acid by Fisher esterification (MeOH,
H2SO4), followed by reduction with LiAlH4. All the
next steps were performed according to the procedure
described for 3. 1H NMR (CDCl3) : trans-isomer: 8.47
(d, J  5.1 Hz, 2H), 7.16 (d, J  5.4 Hz, 2H), 7.10 (d, J 
8.5 Hz, 2H), 6.62 (d, J  8.3 Hz, 2H), 6.44 (dt, 1H), 6.30
(d, J  16.0 Hz, 1H), 3.78 (s, 3H), 2.73 (t, J  7.6 Hz, 2H),
2.49 (quint, 2H) MS HR: MH m/z 240.1378 (calcd for
C16H18ON 240.1383), mp 84–86 °C.
4-(4-Phenyl)-but-1-enyl)-pyridine (free base of 2) was
prepared starting from commercially available 3-phenyl
propanol-1 in the same manner as described for 3. The
free base of 2 was obtained as a mixture of isomers
cis/trans 9:1 separated by column chromatography. 1H
NMR (CDCl3) : cis-isomer–8.50 (d, J 5.7 Hz, 2H), 7.21
(m, 5H), 7.06 (d, J  5.7 Hz, 2H), 6.34 (d, J  11.7 Hz),
5.87 (dt, J  7.2 Hz, 6.6 Hz, 1H), 2.76 (t, J  7.1 Hz, 2H),
2.68 (quint, 2H). MS HR: MH m/z 210.1278 (calcd for
C15H16N 210.1277), mp 121–123 °C.
4-[4-(4-Nitrophenyl)-but-1-enyl]-pyridine (free base
of 6): 3-phenyl-propyl-1-bromide (prepared from com-
mercially available 3-phenyl propanol-1 as described
for 3) was nitrated [29, 30] with fuming nitric acid at
25 to 30 °C for 0.5 h to afford a mixture of o- and
p-nitro products from which 3-(4-nitrophenyl)-propyl-
1-bromide was isolated by column chromatography in
46.8% yield. 1H NMR (CDCl3) : 8.14 (dd, J  6.8 Hz, J
 2.5 Hz, 2H), 7.35 (d, J  8.5 Hz, 2H), 3.37 (t, 2H) 2.88
(t, 2H), 2.21 (quint, 2H). All the next steps for the
transformation of 3-(4-nitrophenyl)-propyl-1-bromide
to 6 were performed according to the procedures de-
scribed for 3.
1H NMR (CDCl3) : cis isomer–8.52 (d, J  6.2 Hz,
2H), 8.11 (d, J  8.7 Hz, 2H), 7.28 (d, J  8.5 Hz, 2H),
7.04 (d, J  5.7 Hz, 2H), 6.37 (d, J  11.8 Hz, 1H), 2.85 (t,
J  7.0 Hz, 2H), 2.65 (quint, 2H). MS HR: MH m/z
255.1130 (calcd for C15H14N2O2 255.1128).
4-(3-Cyclohepta-2,4,6-trienyl-propenyl)-pyridine (7)
was prepared by Wittig reaction of cycloheptaprienyla-
cetaldehyde with 4-picolylphosphonium bromide: Cy-
clohepta-2,4,6-trienylacetaldehyde was prepared from
tropylium tetrafluoroborate and vinylethylether ac-
cording to the literature procedure [31]. Yield 65% after
distillation on Kuhelrohr. 1H NMR (CDCl3) : 9.76
(t,1H), 6.64 (t, J  3.0 Hz, 2H), 6.18 (dd, J  9.0 Hz, J 
2.6 Hz, 2H), 5.16 (dd, J  9.2 Hz, J  5.7 Hz, 2H), 2.77
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(dd, J  6.7 Hz, J  1.4 Hz), 2.27 (dd, J  6.7 Hz, J  1.4
Hz, 2H), 2.27 (quint, 1H).
Compound 7 was prepared as follows: To 1.74 g, 4
mmol of 4-picolyltriphenylphosphonium bromide in 15
ml dry CH2Cl2 under argon at room temperature was
added dropwise (0.40 g, 4 mmol, 0.56 ml) of Et3N in 2
ml of CH2Cl2. After 10 min stirring (0.5 g, 3.7 mmol)
cyclohepta-2,4,6-trienylacetaldehyde in 2 ml of CH2Cl2
were added and the reaction mixture was allowed to be
stirrred for 24 h. After usual aqueous workup, the crude
product was isolated by column chromatography to
give 7 (0.7 g, 89%) as a mixture of cis- and trans-isomers.
Yield 0.7 g, 89%.
1H NMR (CDCl3) : cis/trans mixture 8.48 (d, J  5.8
Hz, 2H), 7.19 (d, J  5.8 Hz, 2H), 6.64 (t, 2H), 6.48 (m,
2H), 6.18 (d, J 9.0 Hz, 2H), 5.20 (dd, J 9.0 Hz, J 5.5
Hz, 2H), 2.64 (dd, J  5.8 Hz, J  7.1 Hz, 2H), 1.81
(quint, 1H). MS HR: MH m/z 210.1282 (calcd for
C15H16N 210.1277).
4-(4-Phenyl-bytyl)-pyridine (19) was prepared by
hydrogenation of (0.086 g, 0.41mmol) of the free base of
2 in 3 ml of EtOH at 1 atm and room temperature, in the
presence of 0.015 g of 5% Pd/C catalyst. After 24 h
stirring the catalyst was filtered off, the resulting solu-
tion was concentrated in vacuum, affording a crystal-
line colorless product in 93% yield (0.080g). 1H NMR
(CDCl3) : 8.45 (d, J 6.3 Hz, 2H), 7.22 (m, 5 H), 7.06 (d,
J  5.7 Hz, 2H), 2.61 (dt, 4 H), 1.63 (m, 4H). MS HR:
MH m/z 212.1434 (calcd for C15H18N 212.1434), mp
44–46 °C.
Theoretical Methods
All the calculations were carried out using Gaussian 98
package of programs [32]. All the molecules (unless
indicated) under this study were optimized at the
B3LYP/6-31G* hybrid density functional level of the-
ory. For the study of each process, a potential energy
surface scan was employed, and the starting materials,
products and transition states were analyzed using
analytical frequencies calculations.
Results and Discussion
Mass Spectrometry
Pyridinium cations 1 and 1a are readily produced, in
the gas phase, from the corresponding halide salts,
using fast atom bombardment (in glycerol) or electros-
pray ionization (in CH3CN/MeOH). This system con-
tains a well defined charged site remote from the
expected fragmentation site, in this case a benzylic C™C
bond, but nevertheless associated by conjugation.
CID spectra that were recorded for FAB-produced 1
and 1a are shown in Figure 1. They exhibit two major
product ions that correspond to the two fragmentation
pathways described in Scheme 2 (X¢OCH3), namely the
homolytic and heterolytic cleavages at the benzylic
position. The products of the homolytic cleavage are a
radical cation and a benzyl radical (route a), whereas
the products of the heterolytic cleavage are a neutral
amine and a benzyl cation (route b). Unpredictably, the
protonated ion 1 dissociated to afford mostly the p-
methoxy benzyl cation (Figure 1a, RA, 100%) while the
methylated analog 1a gives rise to a prominent radical
cation at m/z 133 (Figure 1b, RA 65%).
The ion ratio in the CID spectra depends on the
nature of the substituent X at the phenyl ring (Scheme
2). Thus pyridinium ions 2, 4, 5 and 6 all dissociate in a
homolytic manner exclusively (Figure 2, Table 1), 1 and
3 give rise to a mixture of products and 7 affords only
a closed-shell product (Scheme 3). Pyridinium ions 1–6
Figure 1. (a) CID spectrum of FAB produced protonated cation 1. (b) CID spectrum of FAB produced
methylated cation 1a. Argon was used as collision gas, collision offset  10 eV.
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are generated from the free bases that are synthesized
as cis/trans mixtures. The two isomers were separated
and it was found that while the two isomers afford the
same fragmentation products, the trans isomer is
slightly more reactive.
The benzylic C™C cleavage is motivated by either
collisions with argon, IR irradiation or merely slightly
amplified capillary voltage at the electrospray source,
indicating the low energy involved in this process.
Higher energy allows the consecutive loss of a hydro-
gen atom and the formation of a cyclized closed-shell
product (Scheme 2) [12]. Pyridinium cations 2–7 can be
divided into three groups. For the first group cationic
reactions dominate either through the formation of a
benzylic cation ArCH2
 (1), protonated 4-vinylpyridine,
at m/z 106 (1 and 3, Scheme 3) or tropylium cation in the
case of 7. The second group contains substituents that
enhance homolytic cleavage and form the ions at m/z
119 and 118 in high yield. This group includes cations 4
and 5 that contain trifluoromethyl and chloro substitu-
ents respectively. The third group, namely pyridinium
Scheme 2. Two competitive fragmentation pathways: Homolytic and heterolytic, leading to the
formation of radicals and closed shell ions, respectively.
Figure 2. CID spectra that were recorded for electrospray pro-
duced, protonated pyridinium cations. Upper spectrum corre-
sponds to 4-methoxy substituted 1, middle spectrum corresponds
to non substituted 2, and the lower spectrum corresponds to
4-chloro substituted 4.
Table 1. Relative abundances of ions in the CID spectra
recorded for electrospray produced substituted pyridinium
cations 1–6
X
Parent
ion
m/z
119
m/z
118
m/z
106 ArCH2
1 OMe 100 17 77 34 74
2 H 100 10 25 – –
3 Me 100 13 56 12 –
4 Cl 85 23 100 – –
5 CF3 100 20 40 – –
6 NO2 100 7 17 – –
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cations 2 and 6 have a low tendency do dissociate
through either of the mechanisms, however if the
energy is increased they undergo homolytic cleavage.
Thermochemical data for the reactions described in
Scheme 1 have been calculated for protonated 2 and
methylated 2a using density functional theory at the
B3LYP/6-31G* level. The results of these calculations
show that the homolytic cleavage (route a) in methyl
pyridinium ion 2a requires 50.1 kcal mol1 (including
ZPE correction), whereas the competitive heterolytic
cleavage (route b) corresponds to a E of 78.5 kcal
mol1. In the case of 2 the homolytic cleavage (route a)
requires 50.1 kcal mol1 (including ZPE correction),
whereas the competitive heterolytic cleavage (route b)
corresponds to a E of 74.7 kcal mol1. The calculated
E values are relatively high although the energetic
conditions can explain the occurrence of these reactions.
The amount of energy that is introduced to the ion upon
collision is not known. Heeren and Ve´key showed that
in an individual collision with argon 9.6% of the center
of mass collision energy is converted into internal
energy [33]. The reactions above occur upon collision
with Ar and the center of mass collision energy is
roughly 1.4 eV. This should correspond to roughly 3
kcal mol1 for a single collision. It is difficult to evaluate
the agreement between the experimental results and
theoretical calculations because the temperature in the
collision cell is not well defined and the free energy
cannot be derived from internal energy. In order to
have a better estimation about the accuracy of this
calculation it should be repeated at higher theoretical
level. However, it was not possible to improve the
calculations for such a large system. Alternatively, a
smaller model was chosen in order to study the effect of
calculation method on the calculated reaction energy.
Table 2 contains the calculated thermochemical data for
this model reaction that is described in Scheme 4. The
energy values alone have little meaning as they were
calculated for a model. It is only the direction and
degree of change that we are interested in. Table 2
shows that the expansion of the basis set while using
B3LYP results in a slight reduction in reaction energy
for both homolytic and heterolytic cleavages. However,
the preference of the homolytic process over the hetero-
lytic path decreases significantly. This correlates well
with our finding that the difference is small and the
course of fragmentation can be controlled by changing
the substituent at the para position. Contrarily, MP2
and MP4 energies are significantly higher. These calcu-
lated results also predict that heterolytic cleavages
should be favored in this system and are therefore
clearly less suited than the DFT method. [Table 2 shows
that higher-level calculations could resolve the discrep-
ancy between the theoretical prediction of highly endo-
thermic reactions and the observed experimental prod-
ucts. However, we were not able to improve the
calculations on the true model.]
The calculated energies for the decomposition reac-
tions of both ions 2 and 2a indicate a preference towards
the homolytic pathway. Nevertheless, the experimental
results show a significant difference between the CID
spectra of 1 and 1a. Possibly, the different behavior of 1
(compared with 1a) is due to a rearrangement that
requires a proton at the nitrogen atom. This could also
indicate that the product ion corresponds to a rear-
ranged structure. However, the ion 1 at m/z 240 and the
Scheme 3. Proposed fragmentation mechanism yielding the closed shell products in the CID
spectra of 7, 1, and 3.
Table 2. Calculated homolytic and heterolytic dissociation
energies (see Scheme 4, X¢H), in kcal mol1. Energies are given
with ZPE correction except for structures that were calculated
using MP4/6-311G**//MP2/6-311G* for which ZPE was not
calculated
Method Eho Ehe 
B3LYP/6-31G*//B3LYP/6-31G* 59.6 65.3 5.7
B3LYP/6-311G*//B3LYP/6-311G* 58.6 63.3 4.7
B3LYP/6-311G**B3LYP/6-311G** 57.5 61.9 4.4
B3LYP/6-211G**//B3LYP/6-311G** 56.8 59.4 2.6
B3LYP/6-311G**//B3LYP/6/311G** 56.8 59.4 2.6
B3LYP/D95V*//B3LYP/D95V* 58.4 62.0 3.6
MP2/6-31G*//MP2/6-31G* 78.3 72.4 5.9
MP2/6-31G**//MP2/6-311G* 78.8 72.0 6.8
MP4/6-311G**//MP2/6-31G* 77.5 74.9 2.6
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analog deuterated ion at m/z 241 (electrospray-pro-
duced in CD3OD) show similar behavior upon CID (not
shown). In order to understand this distinct behavior
and compose a reaction mechanism for this process, the
potential energy surface was explored. For this study
model systems 8 and 8a were used.
The dissociation pathways of 8 and 8a were charac-
terized by stepwise increasing the length of the break-
ing bond, while optimizing all other coordinates at each
given bond length. For a typical reaction it is possible to
refine the transition state geometry from the points with
the highest energy along the path. Figure 3 illustrates
the calculated singlet and triplet potential energy
curves for an allylic C™C cleavage in 8 using ORB3LYP
and UB3LYP methods. The energy along the singlet
potential energy surface increases monotonously with
the C™C elongation. It is, in fact impossible to locate a
transition state along the reaction coordinates.
The charge distribution within the dissociating tran-
sient structures was also calculated using natural bond
orbital analysis (NBO). These calculations indicate that
along the singlet curve positive charge is accumulated
at the terminal propenyl moiety.
On the other hand the triplet potential energy sur-
face comprises a well characterized starting material, a
transition state and a final product (Figure 3), (Table 3).
A full geometry optimization and frequencies analysis
were performed for the reactant and product of the
dissociation reactions. PI-s in Figure 4 is the initial
structure (parent ion) of the singlet protonated pyridine
8. The allylic C™C bond length in this structure is 1.539
Å and the double bond is planar. PI-s corresponds to
the lowest energy in the potential energy curve. PI-t is
the initial structure (parent ion) of the triplet protonated
pyridine 8. The allylic C™C bond length in this structure
is 1.584 Å while the double bond is perpendicular.
Calculations show that PI-t is 61.4 kcal mol1 less stable
than PI-s. PI-t dissociates into an ion-neutral complex
DP-t (dissociation product) through a 13.5 kcal mol1
barrier (TS-t). DP-t is 55.3 kcal mol1 less stable than
the starting structure PI-s. However, the separated
dissociation products are roughly 46 kcal mol1 less
stable than this ion-neutral complex DP-t.
The calculated results show that a vertical singlet-
triplet transition is highly endoergic (Figure 3) and not
likely to occur within the initial geometry of 8 or 8a.
Nevertheless, along with the C™C bond elongation the
vertical singlet-triplet transition decreases. Furthermore
Table 3. Calculated charge and spin distribution as a function
of bond length in dissociating transient structures of pyridinium
cation 8a
r(Å)
singlet path-
charge at the
propenyl moiety
triplet path-
charge at the
propenyl moiety
triplet path-spin
at the propenyl
moiety
1.585 0.614 0.853 0.395
1.685 0.634 0.891 0.395
1.735 0.646 0.905 0.541
2.185 0.770 0.724 0.968
2.585 0.854 0.581 0.972
2.785 0.877 0.546 0.946
Scheme 4. The homolytic and heterolytic reactions that were studied theoretically. Results are
presented in Table 2.
Figure 3. Calculated triplet (circles) and singlet (triangles), cal-
culated potential energy curves for the dissociation of model
compound 8. The additional curve, designated by squares, corre-
sponds to mixed states that are neither triplet nor singlet states.
Calculations were carried out at the B3LYP/6-31G* DFT level of
theory.
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the calculated potential energy curve of the singlet state
and the triplet state cross at a certain point that corre-
sponds to a C™C bond of 3.5 Å (Figure 3). The highly
efficient homolytic cleavage and the theoretical calcula-
tions suggest a change in multiplicity along with the
C™C bond cleavage. When the reaction path was calcu-
lated allowing the mixing of the HOMO and LUMO
states a different potential curve that corresponds to
lower energy emerges but the resulting transient points
show high spin contamination. In fact, s2 gradually
increased with the C™C bond length. If the singlet-
triplet vertical transition is an indication for this mixing
it is clear that this value decreases with the increase in
C™C bond length (Figure 5). Apparently, the singlet-
triplet vertical transition is higher in the case of proton-
ated cation 8 when compared with the alkylated cation
8a. This could explain the preference of homolytic
cleavage in the methylated cation.
Substituents and Radical Stability
The experimental results shown in Figure 2 and Table 1
demonstrate that an electron donating group, e.g., me-
thoxy, stabilizes the benzyl cation and permits the
formation of closed-shell products. Some substituents
can stabilize both cations and radicals. Table 4 summa-
rizes the calculated energy for hydrogen transfer (HT)
in comparison with proton transfer (PT) reactions. DFT
calculations indicate that the substituent effect on the
competition between the formation of radicals or cat-
ions in the case of 9–12 is mainly directed by the
relative stability of the cations and not the correspond-
ing radicals (Scheme 5), (Table 4).
As the findings of this study point to the involve-
ment of a triplet electronic state, the sum effect of
substituents could also result by reduction in the S–T
splitting. Table 5 summarizes the results of DFT calcu-
Figure 4. Description of the maxima and minima along the potential energy curve presented in
Figure 3. PI-s is the singlet dissociating parent ion at the initial point, PI-t is the corresponding triplet
structure, TS-t is the transition state that was located along the triplet potential energy curve, and DP-t
is the dissociation product at the triplet potential energy curve.
Figure 5. Calculated vertical singlet-triplet transition energies as
a function of C™C bond length in the model compounds 8 and 8a.
The singlet-triplet transition decreases at longer C™C bonds and is
less energetic for methylated 8a than for protonated 8.
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lations (B3LYP/6-31G*) for the vertical S–T transition in
model compounds 9–12. The calculated results show a
clear substituent effect on the singlet-triplet vertical
transitions. It appears that an electron donating sub-
stituent (i.e., OH) causes a decrease in the vertical S–T
transition in the optimized structures with typical C™C
bond length. However, in the transient structures for
which the benzylic C™C bond is elongated (2.5 Å) the
substituent effect on the vertical transition is reversed
and the electron withdrawing substituent (i.e., Cl) de-
creases the S–T transition. This is in agreement with the
experimental findings that show the high tendency of 4
that contains a chlorine at the para positions to afford
radicals while undergoing a benzylic C™C cleavage.
Triphenyl Phosphonium Cations
The systems presented above contain a conjugated
spacer so that the presence of charge at the homoben-
zylic position is expected. Contrarily, triphenyl phos-
phonium cations 13–18 contain a localized charge that is
not directly conjugated to the substituted benzyl moi-
eties. The CID spectra of these ions (Figure 6, Table 6)
contain several types of ions.
Benzyl cations are generated in the case of 13 (X¢H,
m/z 91) and 14 (X¢CH3, m/z 105) by the corresponding
heterolytic cleavages. The relative abundance of these
ions in the IRMPD spectrum of 13 and 14 is roughly
15%. A most abundant product ion present in the
Table 4. Calculated (E with ZPE correction, in kcal mol1)
hydrogen and proton transfer in substituted benzyl cations and
radicals (see Scheme 5). E(HT) and E(PT) are the hydrogen and
proton transfer from the a non-substituted toluene. E(PT  HT)
are the differences between these values, an indication of the
preference for cation formation over radical formation in each
molecule
E(HT) E(PT) E(PT-HT)
15.5 46.0 30.5
0.692 17.5 16.8
0.693 13.8 13.1
0.333 7.09 6.76
0.170 0.75 0.92
0.618 12.9 13.5
Scheme 5. Hydrogen and proton transfer reactions that were studied theoretically at B3LYP/6-31G*.
Results are presented in Table 4.
Table 5. Substituent effect on the singlet-triplet vertical
transition at optimized C™C bond length and a stretched C™C
bond of 2.5 Å. Energies in kcal mol1
X  OH X  CI X  H X  CH3
S-T vertical transition 66.8 79.3 78.9 74.0
S-T vertical transition (2.5 Å) 37.1 29.1 29.9 30.1
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spectra of phosphonium cations 13–18 is a triphenyl
phosphine radical cation at m/z 262. This ion can further
decompose to form the o-biphenylenephosphenium ion
at m/z 183 [34] that can lose a phosphorous atom and
form the ion at m/z 152. The ion at m/z 262 can also lose
two phenyl groups and thus form the product ion at m/z
108. Another course of fragmentation is most favored in
the case of phosphonium cation 18 (X¢NO2) and in-
volves the formation of an ion at m/z 289 that is
described in Scheme 6. The RA of the triphenyl phos-
phine radical cation in the CID spectra of 12–18 de-
pends on the substituent X at the phenyl ring despite
the lack of conjugation between the charge and the
benzyl group. Scheme 6 describes a possible mechanism
for the formation of these ions. Figure 6 and Table 6
show that cations 13 and 14 undergo both heterolytic
and homolytic cleavages. Surprisingly, the 4-methoxy
substituted cation 13 undergoes only a homolytic cleav-
age under low energy conditions, affording ionized
triphenyl phosphine that does not further decompose.
Even more surprising is that the 4-chloro substituted 17
is considerably more stable and does not fragment at all
under these conditions, while the analogous pyri-
dinium cation 4 showed relatively high reactivity. Pos-
sibly there are at least two mechanisms operative and
the chloro substituted 17 is not reactive in any one of
them [35]. [In accordance with the referee’s remark it is
noted that the interaction between the positive phos-
phorous atom and the electron-rich aromatic ring might
initiate the observed fragmentations. However the high
abundance of the triphenylphosphine cation (m/z 262)
in the spectra indicates that this is not a major course of
reaction. Also noted that Fast atom bombardment ex-
periments on alkyltriphenylphosphonium cations also
indicate that the loss of alkyl groups as the most facile
reaction.]
The extent of benzylic C™C cleavage either homolytic
or heterolytic is higher in the case of pyridinium cations
1–7 when compared with the posphonium cations
13–18 in which the charge is not conjugated to the
benzylic position. Pyridinium cation 19 in which the
charge and phenyl group are also tethered by a satu-
rated butyl moiety is also very stable towards colli-
sional activation. Higher collision energy induces C™C
cleavage alpha to the pyridine, giving rise to a low
abundant ion at m/z 93 (RA 10%, at the same energy
used for CID experiments in the case of 1–7).
Conclusions
Homolytic cleavages are highly efficient in the case of
the pyridinium cations that were studied in this work.
We find that the tendency to form radicals is higher for
alkylated pyridinium cation that contains a p-methoxy
benzyl group than in the case of the protonated analog
1 that affords closed-shell products. Theoretical calcu-
lations show that the singlet pyridinium ions are much
more stable than the corresponding triplets. However,
the singlet-triplet gap for transient structures with an
elongated benzylic C™C bond is much lower and even
changes sign. It is therefore suggested that the mixing of
these states allows the relatively low energy C™C ho-
molytic cleavage. Calculations also show that the sin-
glet-triplet gap is lower for the alkylated pyridinium
cation than the protonated one, both used as model
compounds for this study. This could explain the higher
tendency of alkylated ions to dissociate to afford radi-
cals. There is an apparent substituent effect in the CID
spectra of pyridinium cations 1–7. Thus formation of
Figure 6. CID spectra that were recorded for electrospray pro-
duced, protonated triphenylphosphonium cations. Upper spec-
trum of 4-methoxy substituted 15, middle spectrum of non sub-
stituted 13, and the lower spectrum of 4-nitro substituted 18.
Table 6. Relative abundances of ions in the CID spectra recorded for substituted triphenylphosphonium cations 13–18
X Parent ion m/z 262 m/z 183 m/z 108 m/z 289 ArCH2
13 H 100 23 24 9.5 – 12
14 Me 100 19 5 – 2 12
15 OMe 100 55 – – – –
16 CF3 100 13 2 – – –
17 Cl 100 – – – – –
18 NO2 100 10 5.5 2.5 7.5 –
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radicals is much favored when para electron withdraw-
ing groups are present at the phenyl ring and exclusive
heterolytic cleavage is observed in the case of 7 that
gives rise to a tropylium cation upon CID. In addition to
the notable substituent effect on the fragmentation
efficiency of the cations under study, calculated results
show a clear substituent effect on the singlet-triplet
transitions. We also observe that the substituent effect
in the case of triphenylphosphonium cations is notably
different. Thus, the pyridinium system that contains a
p-chloro benzyl moiety losses a benzyl radical readily
while the analogous triphenylphosphonium cation is
very stable under the same conditions.
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